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ABSTRACT Proteinsthatmetabolizeorbindthenucleotidesecondmessengercyclicdiguanylateregulateawidevarietyofimpor-
tantprocessesinbacteria.Theseprocessesincludemotility,bioﬁlmformation,celldivision,differentiation,andvirulence.The
role of cyclic diguanylate signaling in the lifestyle of Legionella pneumophila, the causative agent of Legionnaires’ disease, has
not previously been examined. The L. pneumophila genome encodes 22 predicted proteins containing domains related to cyclic
diguanylatesynthesis,hydrolysis,andrecognition.Werefertothesegenesas cdgS(cyclicdiguanylatesignaling)genes.Strainsof
L. pneumophila containing deletions of all individual cdgS genes were created and did not exhibit any observable growth defect
ingrowthmediumorinsidehostcells.However,whenoverexpressed,several cdgSgenesstronglydecreasedtheabilityof L.
pneumophilatogrowinsidehostcells.Expressionofthese cdgSgenesdidnotaffecttheDot/IcmtypeIVBsecretionsystem,the
major determinant of intracellular growth in L. pneumophila. L. pneumophila strains overexpressing these cdgS genes were less
cytotoxic to THP-1 macrophages than wild-type L. pneumophila but retained the ability to resist grazing by amoebae. In many
cases,theintracellular-growthinhibitioncausedby cdgSgeneoverexpressionwasindependentofdiguanylatecyclaseorphos-
phodiesterase activities. Expression of the cdgS genes in a Salmonella enterica serovar Enteritidis strain that lacks all diguanylate
cyclaseactivityindicatedthatseveral cdgSgenesencodepotentialcyclases.Theseresultsindicatethatcomponentsofthecyclic
diguanylate signaling pathway play an important role in regulating the ability of L. pneumophila to grow in host cells.
IMPORTANCE Allbacteriamustsenseandrespondtoenvironmentalcues.Intracellularbacterialpathogensmustdetectandre-
spondtohostfunctionsthatlimittheirabilitytocarryoutasuccessfulinfection.Small-moleculesecondmessengersplaykey
rolesintransmittingsignalsfromenvironmentalreceptorstotheproteinsandothercomponentsthatrespondtosignals.Cyclic
diguanylateisaubiquitousbacterialsecondmessengerknowntoplayanimportantroleinmanysensingandsignalingsystems
in bacteria. The causative agent of Legionnaires’ disease, Legionella pneumophila, is an intracellular pathogen that grows inside
environmentalprotistsandhumanmacrophagesbysubvertingthenormalprocessesthatthesecellsusetocaptureanddestroy
bacteria.Weshowthattheseveralcyclicdiguanylatesignalingcomponentsin Legionellaplayaroleintheabilitytogrowinside
bothkindsofhostcells.Thisworkhighlightstheroleofcyclicdiguanylatesignalingduringintracellulargrowth.
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L
egionella pneumophila is a Gram-negative gammaproteobacte-
rialspeciesthatisacommoninhabitantofaqueousenvironments
and is frequently associated with complex communities, including
protists,whichserveashostsforreplication(1,2).Inhalationofaero-
sols containing L. pneumophila can result in a severe pneumonia
calledLegionnaires’disease,orlegionellosis(3).Theorganismcauses
diseasebyinfectingalveolarmacrophagesinwhichitcansurviveand
replicate profusely (4). The abilities to evade the antimicrobial de-
fenses of the macrophages and to replicate intracellularly require a
complexproteintranslocationmachinecalledtheIcm/DottypeIVB
secretionsystem(TFBSS)(5–7).TheIcm/DotTFBSSdeliversalarge
repertoireof“effector”proteinstohostcells,andpresumably,itisthe
effectorsthatmediatetheintracellulareventsbytargetingavarietyof
hostfunctionsrelatedtoorganelletrafﬁcking(reviewedinreferences
8 to 10).
Much attention has been focused on identifying the effectors
and studying how they interact with and control host cell func-
tions (reviewed in references 8, 10, and 11). However, a major
unanswered question involves the identiﬁcation of the environ-
mental conditions experienced by the bacterium inside its host.
Indirect approaches, such as studying the global patterns of gene
expression, may provide useful information about nutrient avail-
ability and environmental stresses based on the types of L. pneu-
mophila genes that are preferentially expressed during infection
(12, 13). An alternative approach to understanding the environ-
ment during L. pneumophila intracellular growth may be to focus
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different environmental signals.
Bis-(3=-5=)-cyclic GMP (cyclic di-GMP) is a ubiquitous small-
molecule second messenger in bacteria (reviewed in references 14
and 15). Diguanylate cyclases (DGCs) and cyclic di-GMP phos-
phodiesterases(PDEs),theenzymesthatsynthesizeandhydrolyze
cyclic di-GMP, respectively, regulate numerous processes in
which bacteria alter their lifestyle in response to environmental
cues.Theabilityofthecyclicdi-GMPsignalingnetworktocontrol
different levels of gene expression and function (transcriptional
activity, posttranscriptional activity, enzymatic activity, and
protein-protein interactions) is partially
explained by the diversity of cyclic di-
GMP binding modules. For example, cy-
clic di-GMP controls the production of
Pseudomonas aeruginosa Pel extracellular
polysaccharide (EPS) by altering DNA
binding of the FleQ transcriptional regu-
lator (16, 17). Cyclic di-GMP also regu-
lates gene expression posttranscription-
ally by binding to riboswitches and
affecting mRNA translation (18, 19). In
addition to its role in transcriptional and
posttranscriptional gene regulation, cy-
clic di-GMP allosterically controls en-
zyme activity; binding of cyclic di-GMP
to the PilZ domain of cellulose synthase,
BcsA, is required for optimal activity of
this enzyme (20, 21). In Escherichia coli,
binding of cyclic di-GMP to the YcgR re-
ceptor protein results in altered ﬂagellar
motor output (22–24). Recent reviews
(14, 15, 25, 26) and a comprehensive
book published by the American Society
for Microbiology (ASM) and edited by
Alan J. Wolfe and Karen L. Visick (27)
summarize a wealth of information con-
cerning the role of cyclic di-GMP signal-
ing in determining bioﬁlm formation,
motility, and pathogenesis in a wide vari-
ety of bacterial species.
There is very little information about
the potential role of cyclic di-GMP sig-
nalinginregulatingL.pneumophilaphys-
iology or intracellular growth. We exam-
ined the hypothesis that the cyclic di-
GMP signaling network plays an
important role in the interactions be-
tween L. pneumophila and host cells. We
studiedtheL.pneumophilagenesthaten-
code enzymes that synthesize and hydro-
lyze cyclic di-GMP. We show that several
L. pneumophila genes encoding domains
associated with potential diguanylate cy-
clases and phosphodiesterases have
strong negative effects on the ability of
L. pneumophila to grow in both protist
and mammalian hosts. Although most of
these genes do not affect L. pneumophila
growth in axenic growth medium and do
not block the function of the Icm/Dot TFBSS, they are able to
inﬂuence the outcome of the infection. In some cases, these genes
inﬂuence the trafﬁcking of the Legionella-containing vacuole
(LCV), while in other cases they affect L. pneumophila intracellu-
larmultiplicationwithoutalteringthebehavioroftheLCV.These
observations open up an unexplored area of a previously unrec-
ognized mechanism for controlling intracellular growth.
RESULTS
Identiﬁcation of L. pneumophila genes encoding domains re-
lated to cyclic di-GMP metabolism. In order to identify L. pneu-
FIG 1 Domain organization of predicted GGDEF/EAL/PilZ domain proteins in the Legionella pneu-
mophilaPhiladelphia-1genome.GraphicrepresentationofthedomainarrangementofLegionellapneu-
mophila Philadelphia-1 GGDEF, EAL, or PilZ domain-containing proteins (domains are not drawn to
scale).Seethelegendatthebottomoftheﬁgurefortheannotationsofthedomainsandotherelements.
The“Activedomain”columnindicatesthesignaturemotifsfortheGGDEFandEALconservedregions.
The “I-site” column indicates the presence of the RXXD allosteric binding site; the conserved arginine
(R) and aspartate (D) residues are shown in bold. The domain annotation was performed using the
SMARTwebtool(70).DGCactivitywasdeterminedusingtheS.EnteritidisXIIheterologousexpres-
sion system as described in Results and in the legend to Fig. 3. The abilities of the different L. pneumo-
phila strains overexpressing the indicated genes to grow in axenic growth medium are indicated in the
AYE column, while the abilities to grow in a eukaryotic host are shown in the ICM column (“”
represents WT-like levels; “” represents no detectable growth).
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and/or phosphodiesterases (PDEs), we searched the L. pneumo-
phila genome sequence for open reading frames (ORFs) that en-
code products with either GGDEF or EAL domains. We found a
total of 21 genes that encode one or both domains and only a
singleORF,lpg1401,thatencodesaPilZdomain.Werefertothese
22 genes as cdgS genes (cyclic diguanylate signaling). As shown in
Fig.1,severalofthesegenesarepredictedtoencodeproductswith
both GGDEF and EAL domains as well as other domains, such as
receiver domains, PAS domains, and GAF domains. Structural
and biochemical studies have determined highly conserved resi-
dues that are essential for the GGDEF and/or EAL domain cata-
lytic activities (15, 28, 29). We performed domain alignments to
test whether the putative L. pneumophila CdgS proteins contain
these highly conserved residues and used this knowledge to pre-
dicttheircatalyticactivity.Basedonthesealignments,wehypoth-
esizethatthecomposite-domainproteinsCdgS13andCdgS21are
active only as DGCs, not as PDEs (see Fig. S4 in the supplemental
material), since these proteins lack several conserved residues re-
quired for cyclic diguanylate cleavage (28–30). We also infer that
the composite-domain protein CdgS14 likely acts only as a PDE
(Fig.S4),sincethisproteinlacksseveralessentialresiduesthatare
required for DGC activity. However, several CdgS proteins in-
clude residues that are associated with functional active sites for
both DGCs and PDEs (CdgS1, CdgS11, CdgS15, and CdgS16)
(Fig. S4). Although cdgS17 encodes a PilZ homolog, this gene
product lacks all the residues previously shown to be essential for
cyclicdi-GMPbinding(15,21,31,32).TheabilityofPilZdomain
proteins to bind cyclic di-GMP could be demonstrated in an in
vivo cyclic di-GMP sequestration assay (32). Heterologous over-
expressionofcdgS17inotherbacterialspeciesdidnotresultinthe
in vivo sequestration of cyclic di-GMP (data not shown), and
therefore, we conclude that CdgS17 does not directly bind cyclic
di-GMP.
The L. pneumophila cyclic di-GMP intracellular pool is af-
fected by the overexpression or deletion of cdgS genes. Alter-
ations in the intracellular pool of cyclic di-GMP due to the over-
expression or deletion of each of the cdgS genes were tested using
reverse-phase high-performance liquid chromatography (HPLC)
to quantify cyclic di-GMP in whole-cell nucleotide extracts
(Fig. 2). Overexpression of the predicted DGC-encoding genes
cdgS3 and cdgS22, as well as of the composite-domain-protein-
encoding gene cdgS16, resulted in a signiﬁcant increase in the
amountofthissignalingmolecule,consistentwiththeirsuggested
role as DGC-encoding genes. The deletion of predicted DGC-
encoding genes, such as cdgS3, cdgS5, cdgS6, cdgS7, cdgS16, and
FIG 3 Heterologous expression system for the in vivo detection of diguany-
late cyclase activity. Phenotypes of L. pneumophila cdgS genes ectopically ex-
pressed in the background of the GGDEF-less strain Salmonella enterica sero-
var Enteritidis XII. Each L. pneumophila cdgS gene was expressed in
Salmonella strain XII, and samples were spotted on LB plates containing
calcoﬂuor (upper left) or Congo red (upper right) or were spotted on motility
agar (lower left). These three bioassays test for diguanylate cyclase activity.
Cyclic di-GMP accumulation induces cellulose synthesis and appears as white
on the LB calcoﬂuor plates, promotes Congo red binding and appears red on
Congoredplates,anddecreasestheswarmsizeonmotilityagarplates.Thekey
at the lower right shows the identity of each sample, where DGC is a well-
characterized C. crescentus protein that has strong diguanylate cyclase activity
(DgcA). The control sample corresponds to the empty-vector plasmid.
FIG 2 Total intracellular cyclic diguanylate concentrations in whole-cell
nucleotide extracts of L. pneumophila cdgS strains. L. pneumophila strains
overexpressing (A) or lacking (B) cdgS genes were analyzed by reverse-phase
HPLC, and intracellular levels of cyclic di-GMP were determined. The pre-
sented bar graphs in this ﬁgure represent a typical analysis proﬁle. The y axis
shows the amount of cyclic di-GMP in pmol extracted from 1 ml of culture at
an OD600 of 1.0.
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cellular levels of cyclic di-GMP, while deletion of putative PDE-
encoding genes, such as cdgS1 and cdgS4, resulted in minor in-
creases in the amounts of this molecule (Fig. 2B). The
overexpression of cdgS14, encoding a predicted PDE, resulted, as
expected, in undetectable levels of cyclic di-GMP, while the deletion
of this gene had almost no effect on the intracellular pool of this
molecule (Fig. 2). Although the single-GGDEF-domain-protein-
encoding genes cdgS5, cdgS8, cdgS10, cdg12, and cdgS20 were pre-
dicted to encode active DGCs, the overexpression of these genes had
no signiﬁcant effect on the intracellular pool of cyclic di-GMP
(Fig.2A);moreover,theoverexpressionofapredictedPDE-encoding
gene, cdgS18 (which carries a single EAL domain), unexpectedly re-
sulted in increased levels of cyclic di-GMP, while the deletion of this
gene resulted in undetected amounts of this molecule (Fig. 2). The
apparentdiscrepanciesfromtheexpectedresultsofoverexpressingor
deletingDGC-orPDE-encodinggenesmaybeexplainedbyindirect
effects on other DGCs or PDEs (33).
HeterologousexpressionofLegionellacdgSgenesrevealspo-
tential DGC activities. For some of the cloned cdgS genes, those
that encode only a single GGDEF domain (cdgS3, cdgS5, cdgS7,
cdgS8,cdgS10,cdgS12,cdgS20,andcdgS22)orasingleEALdomain
(cdgS4 and cdgS18), it was possible to infer that their products
function potentially as cyclases or phosphodiesterases, respec-
tively. However, for the remaining genes (cdgS1, cdgS2, cdgS6,
cdgS9, cdgS11, cdgS13, cdgS14, cdgS15, cdgS16, cdgS19, and
cdgS21), which encode composite-domain proteins, these assign-
ments were more complicated. The presence of both domains in
someoftheclonedcdgSgenessuggestedthattheseproteinsmight
possess DGC activity, PDE activity, or both. To evaluate the po-
tential DGC activities of the L. pneumophila CdgS proteins and
avoid the effects of endogenous DGCs or of unpredicted protein-
proteininteractions,weexpressedthecdgSgenesectopicallyinthe
Salmonella enterica serovar Enteritidis 3934 XII strain back-
ground. This strain contains deletions of all of its endogenous
GGDEFdomainprotein-encodinggenesandproducesnodetect-
able cyclic di-GMP (34). As a positive control, we included the
dgcA gene from Caulobacter crescentus, which encodes the well-
characterized diguanylate cyclase DgcA (33). We examined the
resulting strains for phenotypes that are normally associated with
DGC activity, such as increased rugosity/Congo red binding, cel-
lulose synthesis, and inhibition of motility (35–37). As expected
for single-GGDEF-domain proteins, CdgS3, CdgS8, CdgS10,
CdgS22,andtheDgcA-positivecontrolstrainshowedphenotypes
associated with increased amounts of intracellular cyclic di-GMP
in all three bioassays, while CdgS5, CdgS7, CdgS12, and CdgS20
exhibited a DGC-associated phenotype only in the motility assay
(Fig.3).Inaddition,basedonthephenotypesexhibitedforatleast
one of the three assays, we conclude that composite-domain pro-
teins CdgS6, CdgS11, CdgS13, CdgS15, and CdgS16 possess DGC
activity. We observed that CdgS13 did not result in strong cal-
coﬂuor and Congo red binding, although it did partially block
motility. A recent paper by Carlson et al. demonstrated in vitro
thatCdgS13(lpg1057)actsasaweakDGC(38).Thisisconsistent
with our observations for the XII strain. Although the use of the
S. Enteritidis 3934XII strain for heterologous expression is sim-
ple, the observed phenotypes could be inﬂuenced by several fac-
tors, such as the stability of the gene product or the presence or
absence of signals needed to activate the enzymatic activity of the
cloned gene product.
Several cdgS genes decrease the ability of L. pneumophila to
growinhostcells.ToﬁndoutifanyofthecdgSgenesplaysarole
intheabilityofL.pneumophilatogrowinhostcells,weexamined
L. pneumophila cdgS deletion strains and strains containing the
corresponding overexpression plasmids for their abilities to grow
axenicallyinrichmediumandintracellularlyinprotistandmam-
malian host cells (Fig. 4; see also Fig. S1 in the supplemental ma-
terial). All 22 strains lacking individual cdgS genes listed in Fig. 1
were found to grow in rich medium, in Acanthamoeba castellanii,
and in THP-1 macrophage-like cells in way that was similar to
what was observed for the parent strain, JR32 (Fig. 1). However,
when we examined strain JR32 containing plasmids encoding the
same genes under the control of the tac promoter, we found that
two of these genes, cdgS5 and cdgS9, had a moderately negative
effect on growth in rich broth, and two others, cdgS7 and cdgS22,
hadmore-severegrowthdefects(Fig.4A).Sevenofthestrainsthat
express the cloned genes under the control of Ptac (cdgS1, cdgS11,
cdgS14, cdgS15, cdgS16, cdgS18, and cdgS20) exhibited no severe
growthdefectsinrichmediumbutsigniﬁcantlydecreasedabilities
to grow in Acanthamoeba castellanii (Fig. S3) and/or THP-1
macrophage-like cells (Fig. 4B).
In order to ﬁnd out if the effects on growth inside cells are
related to the presumed activities of the cloned genes, we con-
structed mutations that alter key residues in the active sites of the
putative DGCs and PDEs. Overexpression of the putative DGC-
encoding genes cdgS11 and cdgS20 resulted in different degrees of
inhibition of intracellular growth; however, when active-site mu-
tant variants (GGDEF ¡ GGAAF) of these genes, cdgS11-A or
cdgS20-A, were overexpressed, the growth rates of these strains
were similar to those of the wild-type (WT) control strain (see
Fig. S2 in the supplemental material). This suggests that the DGC
activity of these proteins is required for the intracellular growth
defect. Similarly, overexpression of the putative-PDE-encoding
gene cdgS14 also caused an intermediate intracellular growth de-
fect, and in this case as well, overexpression of an active-site mu-
tant variant, cdgS14-A (EAL ¡ AAL), resulted in better intracel-
lulargrowthofthisstrainthanofthestraincarryingthewild-type
gene (Fig. S2), suggesting that misregulated PDE activity can also
cause a growth defect. Interestingly, however, the growth defects
were identical in strains expressing active-site mutants of other
DGC or PDE proteins. As shown in Fig. S2, overexpression of
active-sitevariantsofCdgS1,CdgS5,CdgS7,CdgS16,CdgS18,and
CdgS22 resulted in growth defects similar to those caused by the
intact proteins, suggesting that in these cases, the effects on
L. pneumophila intracellular growth are independent of catalytic
activity. We cannot rule out the possibilities that the mutant pro-
teinsretaintheabilitytobindcyclicdi-GMPandthattheireffects
on L. pneumophila are dependent on this binding.
Several cdgS genes interfere with Icm/Dot-related functions
butdonotblocktranslocation.Inordertounderstandthemech-
anisms underlying the CdgS-induced growth defects, we ﬁrst
asked if expression of the cdgS genes resulted in other phenotypes
associated with the overall functions of the Icm/Dot TFBSS, the
major determinant of Legionella’s ability to grow in host cells.
Legionella Icm/Dot mutants are (i) unable to resist grazing by
amoebae, (ii) defective in killing of human monocyte cells (cyto-
toxicity),and(iii)unabletolyseredbloodcells(RBC).Theability
of L. pneumophila strains containing the cloned cdgS genes to re-
sistgrazingwasmeasuredbycountingthesurvivingbacterialcells
following coincubation with A. castellanii trophozoites for differ-
Levi et al.
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control strain not only resisted A. castel-
lanii grazing but also grew inside the
amoebae, resulting in a 1,000-fold in-
creaseinCFU(theamoeba/bacteriumra-
tio at time zero [t0] was 1:100) (Fig. 5A).
In contrast, the amoebae consumed the
dotAnegative-controlstrain,asshownby
the 1,000-fold reduction of CFU for this
strain (Fig. 5A). L. pneumophila strains
expressingthedifferentcdgSgenesexhib-
ited only limited growth (cdgS11, cdgS14,
and cdgS15) or no increase in bacterial
cell number whatsoever (cdgS1, cdgS5,
cdgS7, cdgS16, cdgS20, and cdgS22)
(Fig. 5A). Although none of the cdgS-
overexpressing strains exhibited consid-
erable growth in the presence of the
amoebae, they showed no signiﬁcant re-
duction in CFU either (Fig. 5A). The re-
sistance demonstrated by these strains to
amoebal grazing suggests that the defect
exhibited by these strains is different
from that exhibited by the dotA control
strain.
The ability of L. pneumophila to kill
host cells (cytotoxicity) is also depen-
dent on a functional Icm/Dot TFBSS
(39). In order to examine the cytotox-
icity of the different cdgS strains, we
measured the number of surviving
THP-1 cells following infection
with increasing numbers of bacteria
after a period of 6 days. The sur-
viving THP-1 cells were quantiﬁed
by using a tetrazolium dye {MTT [3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide]} that is reduced to
an insoluble blue formazan by the respi-
ratory chain of adherent living cells. We
found that infection of THP-1 cells with
the different cdgS strains resulted in se-
verely reduced killing of the host cells
compared to infection with the vector
control strain (Fig. 5B), indicating that
expression of the cdgS genes decreased
the ability of L. pneumophila to kill the
THP-1hostcells.Thenumberofbacteria
required to kill 50% of the target cells
(CT50)ofaWTcontrolstrainwas9CFU,
while the CT50so ft h ecdgS clones ranged
from 850 CFU for cdgS14 to 3.1 
105 CFU for cdgS22 (Fig. 5B). As many as
1  107 CFU of the dotA mutant strain
did not decrease the viability of the
THP-1 cells (Fig. 5B).
We considered a variety of explana-
tions for these defects. The most obvious
explanation would be that the overpro-
duction of the cloned gene products in-
FIG 4 Growth proﬁles of strains containing cdgS plasmids. (A) Growth in rich broth measured by
OD600.(B)IntracellulargrowthinTHP-1cellsasmeasuredbyaccumulationofGFPﬂuorescence.RFU,
relative ﬂuorescence units.
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order to test this idea, we used two measures of Icm/Dot TFBSS
function: (i) the ability of wild-type L. pneumophila to lyse sheep
RBC(40)and(ii)theabilitytotranslocateTFBSSeffectorstohost
cells(41,42).AsshowninFig.6,wemeasuredbothpropertiesand
wefoundthatthestrainsexpressingthecdgSgenesdidnotexhibit
defects in either assay that would account for the observed
intracellular-growth defect. Thus, we conclude that the defects in
intracellular multiplication and host cell killing are not due to a
defectintheactivityoftheIcm/DotTFBSS.Strainsoverexpressing
cdgS7 and cdgS22 produced signiﬁcantly less TEM-LepA and
TEM-SdeA fusion proteins than the wild-type strain, based on
Western immunoblots (data not shown); therefore, we were un-
able to accurately measure translocation in these strains.
ExpressionofsomecdgSgenesinterfereswithpreventionof
phagosome-lysosome fusion. In order to understand how the
GGDEF/EAL domain proteins may be interfering with the intra-
cellularlifecycleofLegionella,wefocusedontheinteractionofthe
differentstrainswithhostcells.InfectionofhostcellsbyLegionella
includes (i) binding, (ii) phagocytosis, (iii) prevention of
phagosome-lysosome fusion, and (iv) intracellular multiplica-
tion. Several lines of evidence suggest that the cloned cdgS genes
did not affect binding or internalization by host cells. Binding
assays, in which the different L. pneumophila cdgS strains were
incubated with THP-1 cells under conditions that prevent uptake
by the host (at 4°C or in the presence of the phagocytosis inhibi-
tors,suchascytochalasinD),didnotrevealasigniﬁcantdifference
in the number of bacteria bound to the host cells (data not
shown). In addition, internalization assays based on gentamicin
FIG 5 (A) Grazing activity of A. castellanii on strains overexpressing cdgS
genes. A. castellanii monolayers were infected with different L. pneumophila
cdgS-overexpressingstrainsatanMOIof100.Ateachindicatedtimepoint,the
extracellularly and intracellularly grown bacteria were pooled together, and
aliquots were plated on a charcoal-yeast extract (CYE) plate. CFU were
counted and calculated as the ratio of tx/t0. Error bars represent standard
deviation (SD) values from three independent experiments. (B) Cytotoxicity
ofstrainsoverexpressingcdgSgenesforTHP-1cells.TheMTTassaymeasures
the number of viable macrophages following infection with L. pneumophila.
Monolayers of THP-1 monocytes were infected with L. pneumophila cdgS-
overexpressingstrainsfor6days.Theabsorbanceat570nmwasmeasuredand
theCT50wascalculatedforeachstrain.THP-1cellmonolayersincubatedwith
RPMI medium alone (null in graph) was used as a baseline for CT50 calcula-
tions.THP-1cellsurvivalrateversusnumberofinfectingCFUisplottedinthis
graph; error bars represent the SD of results from six independent replicates.
CT50 values are presented in the table. The dotA strain showed no cytotoxic
effect in these experimental settings.
FIG 6 Dot/Icm-related activities of strains overexpressing cdgS genes. (A)
Icm/Dot-dependentredbloodcell(RBC)lysisbyL.pneumophilaoverexpress-
ing cdgS genes. (B) Detection of translocation of the LepA effector protein
(LepA translocation is independent of the IcmS chaperone) and the SdeA
effector protein (IcmS-dependent translocation). TEM-LepA or TEM-SdeA
fusions were expressed in L. pneumophila, and the bacteria were used to infect
THP-1 cell monolayers at an MOI of 40. The ﬂuorescence intensity was mea-
sured,detectingemissionwavelengthsof460and530nmfollowingexcitation
withUVat405nm.Theratiosofthetwoemissionintensitiesareplotted;error
bars represent the SD of results from ﬁve independent infections.
Levi et al.
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tween the uptake of the cdgS strains and the control by either
A. castellanii or THP-1 cells (data not shown). Because binding
and entry of the cdgS-overexpressing strains were not affected, we
hypothesized that the same defects in intracellular growth would
be observed if cdgS gene expression was induced after the Legio-
nellainfectionofthehostcellswasinitiatedandtheearlyeventsof
infection, i.e., binding and uptake, had already occurred. Fig-
ure S3 in the supplemental material shows that the defects in in-
tracellular multiplication of the cdgS-overexpressing L. pneumo-
phila strains are still observed when IPTG (isopropyl--D-
thiogalactopyranoside)isaddedat6hpostinfection.Weconclude
thatthegrowthdefectexhibitedbythecdgSstrainsisnotduetoan
inability of these strains to be recognized by, to bind to, or to be
internalized by host cells.
The abilities of L. pneumophila to alter the nature of the newly
formed phagosome and to prevent it from fusing with lysosomes
following infection are strictly dependent on the Icm/Dot TFBSS
FIG 7 Colocalization of LAMP-1 and L. pneumophila strains overexpressing cdgS genes. THP-1 cells were infected with GFP-labeled L. pneumophila cdgS-
overexpressing strains, a JR32-negative control, and a dotA-positive control. Infected cells were ﬁxed, and lysosomes were labeled using anti-LAMP-1 (-
LAMP-1)antibodies(red).(A)RepresentativeconfocalimagesdemonstratingthelocationsofGFP-labeledWT(toppanels)anddotA(bottompanels)bacteria
andLAMP-1-labeledlysosomes.(B)ColocalizationeventswerescoredandcalculatedasratiosofLAMP-1colocalizedbacteria(yellow)tototalbacterialnumber
(yellow plus green) for all cdgS expressing strains. The graph represents average count of several ﬁelds. Error bars represent the 95% conﬁdence interval of the
mean. DIC, differential interface contrast.
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strains expressing the cdgS genes by ﬂuorescence microscopy. We
usedL.pneumophilastrainsthatexpressgreenﬂuorescentprotein
(GFP) and measured their colocalization with LAMP-1 protein, a
marker for the lysosomal compartment. As illustrated in Fig. 7A,
wild-type Legionella bacteria rarely colocalize with the LAMP-1
marker, indicating that the majority of phagosomes containing
the bacteria do not fuse with lysosomes. In contrast, dotA mutant
Legionella bacteria frequently colocalize with LAMP-1, indicating
adefectintheabilitytopreventphagosome-lysosomefusion(43).
In order to ﬁnd out if the Legionella cdgS-overexpressing strains
retain the ability to prevent phagolysosome fusion, we measured
their colocalization with the LAMP-1 marker. Statistical analysis
of the confocal laser scanning microscopy (CLSM) images re-
vealed that the cdgS-overexpressing strains could be sorted into
three different groups based on their colocalization with LAMP-1
(Fig.7B).GroupIincludedstrainsthatexhibitaWT-likeabilityto
prevent phagosome-lysosome fusion (i.e., their colocalization ra-
tio was not signiﬁcantly different from that of the WT control
strain), including the cdgS1, cdgS11, cdgS14, cdgS15, and cdgS16
strains. Group II included strains that exhibit a colocalization ra-
tio signiﬁcantly different from that of either the WT or the dotA
mutant, including the cdgS5, cdgS7, and cdgS9 strains. Finally,
groupIIIincludedstrainsthatexhibitacolocalizationratiothatis
notsigniﬁcantlydifferentfromthatofthedotAmutant,including
thecdgS18,cdgS20,andcdgS22strains(Fig.7B).Some,butnotall,
of the members of the ﬁrst group (the cdgS11, cdgS14, and cdgS15
strains), which show WT-like phagosome-lysosome colocaliza-
tion ratios, also exhibited less severe growth defects when grown
in THP-1 host cells than strains of group II and III showed, sug-
gesting that their only partial growth defect might be due to their
ability to prevent the phagosome-lysosome fusion; however, this
isprobablynottheonlyexplanation,sinceotherstrainsingroupI
stillexhibitedseveregrowthdefects(thecdgS1andcdgS16strains).
L. pneumophila ﬂagellin biosynthesis is regulated by cyclic
di-GMP. In numerous bacterial species, cyclic di-GMP has been
showntoregulatethetransitionfromamotile,planktoniclifestyle
to a sessile lifestyle by controlling various cellular processes (25,
44–47).Flagellum-basedmotilityisregulatedbycyclicdi-GMPin
several species (reviewed in reference 48). In order to study the
roleofcyclicdi-GMPintheregulationofL.pneumophilaﬂagellar
biosynthesis, we measured the levels of ﬂagellin in all 22 L. pneu-
mophila cdgS-overexpressing strains. We found only one cdgS-
overexpressing strain that showed a strong decrease in ﬂagellin
production(thecdgS13strain)andonecdgS-overexpressingstrain
(thecdgS14strain)thatshowedalargeincreaseinﬂagellinexpres-
sion. The ﬁrst gene, cdgS13 (lpg1057), encodes a composite-
domain protein, which seems to act as a DGC, based on the de-
creased motility of the Salmonella XII strain expressing cdgS13
(Fig. 3). Figure 8 shows a Western blot using anti-FlaA (-FlaA)
antibodies with whole-cell extracts of strains overexpressing
cdgS13, the cdgS13 A-site mutant (cdgS13-A), and the cdgS13
strain,andasanegativecontrol,weincludedastrainthatlacksthe
alternativesigmafactorFliA(-28),knowntoberequiredforﬂaA
expression (49). The amounts of ﬂagellin were reduced almost
80%inastrainoverexpressingcdgS13andmarkedlyincreasedina
strain lacking cdgS13, suggesting that cdgS13 in fact encodes a
negative regulator of ﬂaA expression. In addition, overexpression
oftheactive-site-deﬁcientvariantofcdgS13,cdgs13-A(GGDEF¡
GGAAF), did not cause a reduction in the amount of the ﬂagellin
subunit protein, indicating that the DGC activity of cdgS13 is re-
quired for the inhibitory effect of cdgS13 of FlaA production. We
also show that overexpression of cdgS14, a gene encoding a pre-
sumed PDE, results in a 10-fold increase in the amount of the
FlaAprotein(Fig.8).Thesedataprovidestrongevidenceforcyclic
di-GMP-dependentregulationofﬂagellarbiosynthesisinL.pneu-
mophila.
DISCUSSION
Cyclic di-GMP orchestrates a wide range of cellular processes in
bacteria, including cell differentiation, transition between motile
andsessilelifestyles,long-termsurvival,andpersistence,aswellas
virulence (reviewed in references 25 and 46). We carried out a
systematicanalysisofL.pneumophilagenesencodingGGDEFand
EAL domain proteins in order to study the importance of this
signaling network to the L. pneumophila life cycle. We identiﬁed
22 genes in the Legionella pneumophila Philadelphia-1 genome
that are predicted to encode proteins that are involved in cyclic
di-GMPmetabolism;werefertothesegenesascdgSgenes.Mostof
the CdgS proteins identiﬁed in this search were composite-
domain proteins, comprising both GGDEF (DGC) and EAL
(PDE) domains; about one-third are single-domain GGDEF pro-
teins,andonlytwoaresingle-domainEALproteins.Wehavealso
identiﬁed one protein of the PilZ domain, a domain that was
shown to bind the cyclic di-GMP molecule in other bacterial spe-
cies(21).Inmostcases,L.pneumophilaGGDEFandEALdomains
are found in proteins fused to various sensory domains (in many
cases PAS domains), suggesting that these proteins bind and/or
metabolize cyclic di-GMP as a response to a speciﬁc signal or cue
(50, 51).
The cyclic di-GMP signaling network was shown to be in-
volved in regulation of virulence-related processes in several
FIG 8 Levels of ﬂagellin in strains with different cdgS13 alleles. Whole-cell
lysates of the indicated strains were loaded on a 12% SDS-PAGE gel and blot-
ted on a polyvinylidene diﬂuoride (PVDF) membrane. Western blot analysis
using L. pneumophila -FlaA polyclonal antibodies (Ab) was performed, and
band intensities of three independent replicate blots were quantiﬁed and nor-
malized to the level for the control sample using the ImageJ software package.
Error bars represent standard deviation values from three independent blots.
The results for a typical blot are presented under the corresponding strain
name on the graph.
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nella enterica serovar Typhimurium, a predicted PDE, a single
EAL domain protein, CdgR, was shown to control several host-
pathogen-related processes, such as resistance to H2O2 and mac-
rophage toxicity (52). In Vibrio cholerae, cyclic di-GMP was
shown to inhibit the expression of toxT, which is required for
choleratoxinproduction;theactivityoftheVieAPDErelievesthis
inhibition (53). In a comprehensive analysis of Pseudomonas
aeruginosa GGDEF and EAL domain proteins, Kulasakara et al.
(54) found that several GGDEF and EAL domain proteins are
involved in type III secretion system-mediated cytotoxicity; they
alsodemonstratedtheinvolvementofthecyclicdi-GMPsignaling
network in the virulence of this bacterium in a burn-wound mu-
rinemodel(54).Here,weprovideevidencethatthecyclicdi-GMP
signaling network regulates functions associated with L. pneumo-
phila virulence, such as intracellular growth and host cell killing.
Surprisingly, we found no evidence for the involvement of any of
the cdgS genes in controlling the ability of L. pneumophila to be
recognized by, to bind to, or to become internalized by host cells.
We performed a broad analysis of phenotypes of L. pneumo-
phila lacking or overexpressing each of the cdgS genes and tested
the effects of these modiﬁcations on the ability of L. pneumophila
to infect its host. We found that there was no simple correlation
betweentheconcentrationsofcyclicdiguanylateinwhole-cellex-
tractsandtheabilitiesofthestrainstogrowintracellularly.Strains
containing deletions of certain cdgS genes, such as the cdgS1 or
cdgS4 strain, where intracellular levels of cyclic di-GMP are in-
creased (Fig. 2), showed no less growth than the wild-type strain.
Furthermore, overexpression of cdgS3, which resulted in 3-fold
higherconcentrationsofcyclicdi-GMPincomparisonwiththose
observed for the wild-type L. pneumophila strain, did not exhibit
any growth defect under any of the tested conditions. We con-
cludethatchangesinthetotalintracellularconcentrationofcyclic
di-GMP do not directly correlate with the observed effects on
intracellulargrowth.Interestingly,inmostcasesthegrowthdefect
exhibited by the cdgS-overexpressing strains was independent of
the cloned gene’s presumed DGC or PDE activities, suggesting
that GGDEF and EAL domain proteins not only have a role in
cyclic di-GMP metabolism but may also interact with other regu-
latory proteins. It seems that certain DGCs and PDEs evolved
from active enzymes, and although they may have lost or main-
tainedtheirenzymaticactivity,theyhaveretainedorgainedaddi-
tional biological functions. Although lacking enzymatic activity,
the mutated proteins likely retain their nucleotide binding abili-
ties and may still impact other regulatory processes yet to be un-
covered. DGC-independent regulatory activity has been demon-
strated in many microbial systems; the E. coli GGDEF-EAL
domainproteinCsrDcontrolsbioﬁlmformationbytargetingtwo
small regulatory RNAs for degradation (55). The authors could
not detect CsrD DGC activity, and they showed that active
GGDEF and the EAL domains are not required for CsrD activity
(55). Holland et al. showed that the Staphylococcus epidermidis
GGDEF protein GdpS positively controls bioﬁlm formation by
elevatingtheexpressionoftheicaADBCoperoncarryingthePIA/
PNAG biosynthesis genes independently of diguanylate cyclase
activity (56). These two examples demonstrate that inactive
GGDEF domain proteins can still regulate a “classical” DGC-
dependent pathway such as a bioﬁlm formation without actually
synthesizing cyclic di-GMP. Furthermore, the recent identiﬁca-
tion of PopA, a cyclic di-GMP-dependent effector that regulates
cell division in C. crescentus, showed that cyclic di-GMP binding
proteins can exert regulatory control even in the absence of enzy-
matic activity (57). Solano et al. (34) show that the cyclic di-GMP
signaling network in S. Enteritidis is involved in the regulation of
multiple cellular processes, such as motility, ﬁmbria production,
EPS biosynthesis, and virulence. The authors deleted all the GG-
DEF domain proteins in this strain and were able to restore all
cyclic di-GMP-dependent processes except for cellulose biosyn-
thesis by ectopically expressing a single GGDEF domain protein,
STM4551.Furthermore,theauthorsshowedthataninactivemu-
tantvariantoftheSTM4551DGCproteinalsorestoredthesephe-
notypes (34).
L. pneumophila requires effector translocation for lysosomal
evasion(43).WeshowthatatleasthalfofthestrainsinwhichcdgS
gene overexpression caused an intracellular growth defect also
cannot prevent phagosome-lysosome fusion to some extent but
that others retained this ability. In cases where cdgS overexpres-
sion resulted in defects in both intracellular growth and
phagosome-lysosome fusion, it will be interesting to elucidate the
mechanism(s)thatconnectsthecyclicdi-GMPsignalingnetwork
to regulation of organelle trafﬁcking. In those cases where the
intracellulargrowthdefectisnotaccompaniedbyafailuretopre-
vent phagosome-lysosome fusion, it will be equally interesting to
discover the block to intracellular growth even though the LCV
appears to trafﬁc normally. Interestingly, even for those strains in
which LCV trafﬁcking was defective, we did not observe any gen-
eral defect in effector translocation by the Dot/Icm TFBSS. It is
conceivable that these cdgS genes might affect speciﬁc effector
proteins either by downregulation of their expression or by their
ability to be translocated. Recently, McWhirter et al. (58) de-
scribedhowcyclicdi-GMPissensedinthecytosolofmammalian
cellsandinducestheproductionoftypeIinterferons.Theauthors
show that the sensing pathway of cyclic di-GMP appears to be
differentfromthepreviouslydescribednucleicacid-sensingpath-
ways (58). It is possible that the phenotypes associated with in-
creased cyclic di-GMP production in some of the L. pneumophila
cdgS strains presented in this work result from the host cell re-
sponse to the cyclic di-GMP molecule.
Recent published studies describe a link between cyclic di-
GMP signaling pathways and the physiological state of the bacte-
rium. Weber et al. (59) described a complex regulatory circuit
where, upon entry into stationary phase, s positively regulates
multiple GGDEF/EAL domain proteins and causes the produc-
tion of cellulose and curli ﬁmbriae (59). Boehm et al. described a
novel regulatory mechanism where, in response to ribosomal
stress (caused by translational inhibitors), ppGpp and cyclic di-
GMPsignalingpathwayscoregulatepoly-GlcNAcproductionand
bioﬁlm formation (60). Many L. pneumophila cdgS genes are
known to be upregulated upon entry into stationary phase, and
their expression requires s (13). Mutation of the rpoS gene does
not affect growth of L. pneumophila in rich medium but severely
reduces growth in amoebae, without affecting the Dot/Icm ma-
chinery(61),similartothephenotypecausedbyoverexpressionof
someofthecdgSgenesreportedinthiswork.Thelinkbetweenthe
L. pneumophila cyclic di-GMP signaling network and its physio-
logical state will be an additional important area for future work.
Cyclicdi-GMPsignalinghasbeenshowntoregulateﬂagellum-
based motility in numerous bacterial species. In a recent review,
Wolfe and Visick summarized the current knowledge about the
different mechanisms of regulation (48). The cyclic di-GMP sig-
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largenetranscription(62,63),ﬂagellarassembly(64,65),ﬂagellar
activity (23, 24), and ﬂagellar stability (66). In this work, we show
that L. pneumophila ﬂagellar biosynthesis is also a cyclic di-GMP-
regulated process. Overexpression of a putative DGC-encoding
gene, cdgS13, results in decreased levels of ﬂagellin, while a dele-
tion of cdgS13 results in an increased amount of FlaA protein. In
contrast, overexpression of CdgS14, which decreases the intracel-
lular levels of this signaling molecule, resulted in a markedly in-
creasedamountofthisﬂagellinsubunitprotein.Recently,Carlson
et al. have shown that overexpression of cdgS13 (lpg1057), which
in vitro acts as a DGC-encoding gene, results in a hyperbioﬁlm
phenotype in L. pneumophila (38). Taken together, the work that
we present here and the work published by Carlson et al. demon-
strate that in L. pneumophila, just as in many other bacterial spe-
cies, motility and bioﬁlm formation are counterregulated by the
cyclic di-GMP signaling network.
MATERIALS AND METHODS
Bacterialstrains.Thebacterialstrainsandplasmidsusedinthisstudyare
listed in Table S1 in the supplemental material.
Genome-wide search for L. pneumophila GGDEF, EAL, PilZ, and
HD-GYP domain-encoding genes. To identify L. pneumophila genes en-
coding proteins of the cyclic di-GMP signaling network, we used the
Pfam, SMART, and TIGR domain annotation tools.
Constructionofmutantsandoverexpressions.Mutantswerecreated
by allelic exchange of the gene of interest (GOI); a 1-kb homologous
region at each end of the GOI ﬂanking a 2.5-kb gentamicin resistance
cassette fused to luxAB genes was created using splicing by overlap exten-
sionbyPCR(SOEPCR).Allelicexchangefragmentswereintroducedinto
competent KS79 cells by natural transformation as described previously
(67). Deletions were conﬁrmed by PCR. Cloned genes were ampliﬁed
fromJR32genomicDNAbyuseofthePhusionDNApolymerasesystem.
Primers were designed to introduce restriction sites at both ends to allow
ligation into the plasmid vector. The same ribosome binding site (RBS)
(GAAGGAGATATACAT) was used for all the cloned genes to optimize
thecloned-geneexpression.PCRfragmentsweredigestedwithrestriction
enzymesandclonedintothepMMB207cvector(45).Primersusedforthe
construction of overexpression plasmids and deletion mutants are pre-
sented in Table S2 in the supplemental material.
Growth of bacterial strains and medium preparation. Media and
antibiotics for the growth of L. pneumophila were used as described pre-
viously (68). Normally, unless otherwise stated, L. pneumophila cultures
werestartedwithadilutionofpost-exponential(PE)-grownculturetoan
optical density (OD) of approximately 0.05 and grown with agitation at
37°C. Exponential-phase cultures were collected at an OD of 0.5. Post-
exponential-phase cultures were collected at an OD of approximately 1.8
to 2.0. Induction of genes cloned in pMMB207c- or pBBR1MCS2-based
plasmid was achieved with 1 mM IPTG (unless stated otherwise).
Phenotypic evaluation of Salmonella strains. The Congo red and
calcoﬂuor binding assay was modiﬁed from the method described in ref-
erence 36. Brieﬂy, 10 l of an overnight culture (OD at 600 nm [OD600],
~5) was spotted onto LB agar plates without NaCl, supplemented either
with Congo red (40 g/ml) and Coomassie brilliant blue (20 g/ml) or
with calcoﬂuor (50 mg/ml). Plates were incubated at room temperature
(RT) for 72 hours. The LB soft agar plates (0.3% agar) that were used to
evaluate the motility of Salmonella strains were documented after8ho f
incubation at 37°C.
Cytotoxicity assay. Ninety-six-well microplate dishes containing 1 
105 differentiated THP-1 monocyte cells were infected with 10-fold serial
dilutionsofthetestedstrainsinRPMImediumsupplementedwith1mM
IPTG, starting with 1  107 CFU per well. After 6 days of incubation at
37°C under CO2 (5%), 0.5 mg/ml MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-tetrazoliumbromide]wasaddedtoeachwell.MTT-culture
was incubated for an additional2ha t37°C under CO2 (5%). The culture
medium was removed, and the remaining reduced formazan dye was
dissolved with 100 l of acidiﬁed isopropanol (isopropanol with 0.04 M
HCl and 1% SDS). The A570 values of results from six replicate wells were
averaged. The number of bacterial cells required to kill 50% of the cell
monolayer (CT50) was determined by nonlinear regression analysis
(GraphPad Prism).
TEMtranslocationassays.MeasurementofIcm/Dot-dependentsub-
strate translocation was performed as previously described, using the
pXDC61-LepA and pXDC61-SdeA TEM fusion-carrying plasmids (69).
Tissuecultureandcelllines.Acanthamoebacastellanii(ATCC30234)
bacteria were cultured in proteose peptone-yeast extract-glucose (PYG)
medium at 30°C. THP-1 cells were grown in RPMI GlutaMAX medium
(Invitrogen)supplementedwith10%fetalbovineserum(FBS)at37°Cin
a5 %C O 2 incubator. Differentiation of THP-1 cells was induced with
phorbol myristate acetate (PMA; Sigma) at a ﬁnal concentration of
108 M for 48 h.
Lightandﬂuorescencemicroscopy.ImageswereacquiredwithaNi-
kon TE-200 inverted microscope with an attached Hamamatsu ORCA
camera using OpenLab 5 software from Perkin-Elmer. Images were ana-
lyzed, quantiﬁed, and edited using the open-source ImageJ software pro-
gram and the appropriate plug-ins (http://rsbweb.nih.gov/ij/download
.html).
Immunoﬂuorescence and confocal scanning laser microscopy.
THP-1 cells were maintained in RPMI GlutaMax medium containing
10% FBS. Cells were seeded at 5  105 cells/well (with PMA) on poly-
lysine-covered 12-mm coverslips in a 24-well microplate and differenti-
atedfor48hat37°Cina0.5%CO2incubator.DifferentiatedTHP-1cells
wereinfectedwith5106(MOI,10)L.pneumophilastrainsfor1h.Cells
were washed twice with phosphate-buffered saline (PBS; pH 7.4), ﬁxed
with 3.7% PBS-buffered formalin for 20 min, washed with PBS, and
blockedwith2%bovineserumalbumin(BSA)inPBS.Anti-MOMPpoly-
clonalantibodieswereadded(1:200)tothewells.Primaryantibodieswere
washed with PBS, and an Alexa Fluor 350-conjugated anti-rabbit anti-
body(Invitrogen)wasadded(1:500).Thisstepallowedthelabelingofthe
extracellular bacteria. Cells were washed and blocked/permeabilized with
2% BSA in PBS containing 0.1% saponin. Cells were incubated with
blocking buffer containing UH1, a monoclonal antibody against hamster
Lgp-A/LAMP-1 (1:200) (DSHB; University of Iowa) for 1 h, washed, and
incubated with goat anti-mouse Alexa Fluor 597 (1:500) (Invitrogen) for
30 min. After the wash, the coverslips were ﬁxed to glass slides using
VectashieldHardSetmountingmedium(VectorLaboratories)forconfo-
calmicroscopy.ConfocalimageswereacquiredwithaZeissLSM510Meta
laser-scanningmicroscope.ImageswereprocessedandmergedusingIm-
ageJ (http://rsb.info.nih.gov/ij/index.html).
Evaluation of intracellular multiplication. Intracellular multiplica-
tionwastestedintheprotozoanAcanthamoebacastellaniiandthehuman
monocytecelllineTHP-1.Theprinciplesofthismethodweredescribedin
reference13.MonolayersofA.castellaniiorTHP-1humanmonocytecells
were formed in 96-well plates at a cell density of 1  105 cell per well and
infected with L. pneumophila strains harboring GFP-expressing plasmids
atdifferentMOIs.InfectionofA.castellaniiwascarriedoutinACbufferas
described previously (18). Infection of THP-1 cells was carried out in
RPMI or in RPMI CO2-independent medium. Prior to infection, growth
medium was removed and replaced with fresh medium containing
L. pneumophila strains at the desired MOI. Plates were centrifuged for
10 min at 1,500 rpm. Intracellular multiplication was monitored auto-
matically by measuring GFP ﬂuorescence at an excitation wavelength of
480nmandanemissionwavelengthof520nmwithaTecanInﬁniteM200
platereaderevery90minforthedurationoftheexperiment.Fluorescence
data were collected using Magellan software.
HPLC quantiﬁcation of cyclic di-GMP. Cyclic di-GMP extraction
was performed as previously described (33). Brieﬂy, 2.0 ml of L. pneumo-
philacellcultures(OD600,~0.5)washarvestedbycentrifugationfor30sat
14,000 rpm, and the supernatant was discarded. The cell pellet was dis-
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10 min at 4°C. Insoluble cellular components were then pelleted, and the
supernatant was ﬁltered through a 0.22-m ﬁlter. Flowthrough was di-
rectly analyzed by chromatography.
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